The annual rate of CH 4 release and potential CH 4 production has recently been studied in the Salmisuo fen in eastern Finland but the microbiota responsible for the CH 4 production has not been examined. The diversity of the methane producing Archaea was analysed, at different depths, in the most representative microsite (Eriophorum lawn) of the fen. Methanogen populations were studied using primers amplifying a region of the methyl-coenzyme M reductase gene. PCR products were analysed by denaturing gradient gel electrophoresis and restriction fragment length polymorphism (RFLP) analysis of clone libraries. A representative of each RFLP group was sequenced. The study revealed a change of the methanogen populations with depth. Sequences from the upper layers of the fen grouped in a novel 'Fen cluster' and were related to Methanomicrobiales. Sequences retrieved from the deeper layers of the fen were related to Methanosarcinales via the Rice Cluster-I. ß
Introduction
Carbon dioxide (CO 2 ) and methane (CH 4 ) are the two main greenhouse gases responsible for global warming. Although the methane concentration in the atmosphere is low compared to that of carbon dioxide (1.745 ppm versus 0.367 ppm), the ability of methane to absorb and radiate energy back to Earth makes it 21 times more e⁄-cient than CO 2 as greenhouse gas. The methane concentration has increased with 151% since 1750 and is actually still increasing [1] . Wetlands, including peatlands, are the main source of natural methane emission with an estimated 100^200 Tg per year [2] . Microbial activity is almost exclusively responsible for methane production both from natural and human-engineered systems [3] .
In Finland, the proportion of land covered by mires is bigger than in any other country; mires or peatlands constitute a third of the land area of Finland [4] . The existence of peatlands is directly dependent on their water inputs and outputs [5] . A global climate change will inevitably induce hydrological changes and therefore threaten these vulnerable ecosystems. As a consequence of the predicted rise of the CO 2 concentration in the atmosphere and the average temperature on the globe, the methane production in these ecosystems is expected to increase, if other conditions (hydrology, vegetation etc.) remain rather unchanged [6, 7] . In order to understand the process leading to methane production, it is crucial to monitor the methanogen organisms in these complex habitats.
The methanogens, which produce methane during the anaerobic digestion of organic matter, belong exclusively to the domain Archaea. Actually, 26 genera and more than 80 species of methanogens have been recorded [8] . The methanogens utilise a limited number of substrates with methyl coenzyme-M reductase (MCR) as their key enzyme [9] . The MCR catalyses the reduction of methylcoenzyme M accompanied by release of methane [10] . The biological activity correlated to the MCR gene is easy to measure by determining the potential methane production in soil samples. Unlike other enzymes in the methanogenic metabolism, the MCR appears to be unique to the meth-anogens [11, 12] . Parts of the MCR operon are also highly conserved and all MCR operons appear to have evolved from a common source [13, 14] . This functional gene is therefore a helpful tool for an ecological and phylogenetic survey of a microbial population with known activity.
Molecular biology tools enable the study of microbial diversity without a cultivation step. The diversity of methanogens has previously been described in di¡erent habitats, such as peat bogs [15^19] and rice ¢eld soils [20^22], but never in boreal fens. In Finland, the dynamics of methane release and production has been widely investigated in the Salmisuo fen [6,7,23^25] but the diversity of methane producing organisms has never been assessed. In this study, we examined the methanogen biodiversity, at di¡erent depths, in this well-characterised, undisturbed oligotrophic fen.
Materials and methods

Environmental site and sample collection
Peat samples were collected in June 2001 from the Salmisuo mire complex in eastern Finland (62 ‡47PN, 30 ‡56PE). The site is a minerogenic, oligotrophic low-sedge Sphagnum papillosum pine fen. Four di¡erent types of microsites have been described at the Salmisuo fen: Eriophorum lawn, Flark, Hummock and Carex lawn. They are de¢ned by their nutritional statuses and their average water table level. Samples were taken from Eriophorum lawns, the most common microsite covering 86% of the mire surface. On the Eriophorum lawn microsite the water level is mainly 5^20 cm below the peat surface and vegetation is dominated by Sphagnum mosses, Eriophorum vaginatum, Vaccinium oxycoccos and Andromeda polifolia (for more details, see [7, 24] ). Three parallel peat pro¢les (E1Ê 3), 20 cm distant from each other, were collected from the microsite with a box sampler (8U8U100 cm). Soil samples for DNA analyses and potential methane production measurement were taken each 10 cm ( þ 2 cm) of the core (Table 1 ). All together the sampling resulted in 12 peat samples from which the measurements were taken.
Measurement of potential methane production
The potential CH 4 production is the maximum production measured in the laboratory under de¢ned temperature conditions. Fifteen millilitres of peat were added to 100-ml, oxygen free, infusion bottles containing 30 ml of distilled water. The bottles were £ushed with 99.96% nitrogen in order to obtain anoxic conditions [23] and sealed with butyl rubber septa. The glass vials were allowed to stand at +4 ‡C for 5 days to allow the gas present in the peat core section to equilibrate with the headspace. The vessels were then £ushed with nitrogen and kept unshaken in the dark for 170 h. The incubation temperature was +10 ‡C (in situ temperature). Four times during the incubation, subsamples were taken from the headspace for analysis of the methane concentration. Volumes of 100 Wl of gas, taken in a Hamilton syringe, were injected into a Perkin-Elmer Sigma II gas chromatograph equipped with a £ame ionisation detector and a 1.5-m column packed with Porapak Q 80:100 mesh. N 2 was used as a carrier gas at a £ow rate of 30 ml min 31 . The injector, oven and detector temperatures were set at 35 ‡C, 40 ‡C and 350 ‡C, respectively.
The rate of methane production was calculated from the slope of the linear regression given by the CH 4 concentration increase over time. No non-linear (r 2 6 90%) cases were found. After incubation, the peat samples were dried to constant weight at 60 ‡C and the methane production was normalised to the dry weight of the peat samples. 
PCR ampli¢cation
The K-subunit of the MCR gene was used as molecular marker to study the methanogen diversity. The K-, L-and Q-subunit genes constitute the MCR gene coding for the key enzyme in all pathways for biogenic methane production. The primer pair ME1^ME2 [27] was used to amplify speci¢cally a 760-bp-long region of the MCR K-subunit. A 40-nucleotide-long GC clamp was added to the forward 
Cloning, restriction fragment length polymorphism (RFLP) and sequencing of PCR product
Two gene libraries were constructed using DNA extracted and ampli¢ed from two depths (310 and 340 cm) of the E2 sample. PCR products obtained with ME primers (ampli¢cation described above) without GC clamp were analysed by gel electrophoresis, puri¢ed with L-agarase (New England BioLab, Beverly, MA, USA) and cloned into a pGEM-T vector plasmid using JM109 competent cells (Promega, Mannheim, Germany) according to the manufacturer's instructions. MCR insert sequences were ampli¢ed directly with ME primers. Colonies dispersed in H 2 O were used as templates. The products were digested with MspI for RFLP analysis.
The method of Good was used to calculate the percentage of coverage of the clone libraries [29, 30] . Forty-nine and 52 clones were analysed from the depth of 10 and 40 cm, respectively.
The Shannon diversity index [31] was calculated as: The MCR sequences obtained in this study were deposited in the EMBL database under accession Nos. AJ489761^AJ489782.
Phylogenetic analysis
Sequences were compared to those in the EMBL database using Fasta3 [32] at the European Bioinformatique Institute (EBI) URL (www.ebi.ac.uk; Hinxton Hall, Cambridge, UK). Amino acid sequences were inferred from the ME nucleotide sequences. Sequences of approximately 250 amino acids were aligned using CLUSTAL W package [33] and checked manually. A phylogenetic tree was estimated using the PHYLIP package (v.3.57c; J. Felsenstein, University of Washington, http://evolution.genetics.washington.edu/phylip.html). PROTDIST was used to compute a distance matrix with Dayho¡ PAM 001 as amino acid replacement model. The distance matrix was estimated by FITCH with global rearrangement of branches and randomised species input order. Even though full sequences should be used for phylogeny determination [34] , partial sequences can be used to determine the closest relatives of unknown sequences [35, 36] . The dendrogram was veri¢ed by neighbour-joining and maximum parsimony methods.
Results and discussion
Potential CH 4 production
The water level and the peat temperature (Table 1) , measured in June 2001 during the sample collection, were similar to previous data available for the Salmisuo pine fen [24] . CH 4 production was detected in all peat samples but one (E3, 340 cm, Fig. 1 ). Pro¢les E2 and E3 had the highest potential production 10 cm below the water table whereas pro¢le E1 had its maximum at 320 cm. The sin-gularity of E1 is probably due to sampling bias. The characteristic softness of the peat pro¢le could have induced an outstretching of the E1 peat colon. In all three pro¢les the minimum rate of CH 4 production was detected in samples taken from the depth of 40 cm (Fig. 1) . All pro¢les showed a maximum production in the upper water-saturated layers and a decrease of the potential production with depth. This trend is typical for mires and has been shown in previous studies [23, 37] . The highest potential CH 4 production at the Eriophorum lawn varied from 18 to 30 nmol g h 31 . Those rates are in a similar range as the one measured earlier at the Salmisuo fen [23] and at two di¡erent bogs [15, 17] .
In anoxic conditions with constant temperature, the potential CH 4 production depends on substrate availability in the peat column, activity of methane producing Archaea and the presence of possible substrate competitors [8] . At the depth were potential methane production is observed, the oxygen concentration in the peat was low enough to enable methanogens activity. The presence of O 2 through the peat pro¢le is directly correlated to the water level. When the water table £uctuates, the potential CH 4 production follows that variation with lag [23] . The average water table depth in the Eriophorum lawns has been shown to have seasonal variations during the snow free months of the year (May^September). The water table is generally at its minimum during the hottest summer months (July, August) and at its maximum with snow melting during the beginning of the spring (May, June) and autumn (September, October) [6, 24, 38] . At the sampling time, in June, the water table had been at its maximum for several weeks, enabling methanogen activity in the water saturated layers.
The observed potential CH 4 production also shows that the peat contains a su⁄cient amount of substrates (e.g. acetate, hydrogen, carbon dioxide) to enable methane production by Archaea at the incubation temperature (+10 ‡C). In the anoxic layers of the mire, the organic matter (litter) is completely degraded in four steps: hydrolysis, acidogenesis, acetogenesis and methanogenesis [8] .
Methanogens occupy the terminal position in the anaerobic decomposition chain and are dependent on the degradation of complex organic compounds by chemoheterotrophic bacteria. The main carbon sources are an accumulation of suitable carbon during autumn and early winter (when the temperature is too low for high methanogenic activity), a new anoxic degradation of litter when the thawing of the peat begins and exudates of carbon compounds from living plants [24] .
Most of the degradation of organic matter occurs in the surface of the mire. The low potential methane production in the deeper layers of the peat can be explained by the lack of suitable substrate or the presence of less favourable substrate for the methanogens at those depths [39, 40] . Additionally, lower potential CH 4 production can also be explained by the presence of other microorganisms outcompeting the methanogens. It has been, for example, shown that homoacetogenic bacteria compete against hydrogenotrophic methanogens for the use of H 2 excreted by fermentative bacteria [41,42].
Diversity analyses by DGGE
The depth related variation of the MCR gene diversity was monitored by DGGE analysis. In Fig. 2, results Fig. 2 ). The singularity of the ¢ngerprint observed in E1 is probably due to a sampling bias (see explanations above).
The MCR gene diversity has not earlier been studied by DGGE and the depth dependent variation of methanogen communities has not been shown before. Some works have been studying potential methanogen strati¢cation with depth, but none of them found depth related variations in the diversity [17^19].
It has been shown that DGGE cannot detect populations whose abundance is less than 1% of the total community [43, 44] . In order to enhance the precision of our data for the comparison of community through the peat, the PCR products from the two di¡erent depths were cloned. The construction of a clone library also allows sequencing of the MCR genes and determination of the phylogenetic relationships between sequences.
Diversity analyses by RFLP of clone libraries
The two depths (310 and 340 cm) chosen for the con- struction of clone libraries represent high and low potential methane production (Fig. 2) and are characteristic for a superior and deep layer methanogen community. Because the sequence diversity variation with depth was observed in all three parallel samples by DGGE, those libraries were thought to be representative for the Eriophorum lawn.
Clones from the two libraries were screened and grouped on the basis of their RFLP patterns. Twentyone unique RFLP patterns were found altogether and plasmid DNA from each unique RFLP pro¢le was extracted and sequenced. Additionally, a second representative from each of the six biggest RFLP groups (F, G, T, E, J and N) was sequenced. The level of similarity (amino acid) between the two representatives of each RFLP group was 100% for ¢ve of the groups and 99.2% for one (N). We therefore assume that sequences within each RFLP group are closely related to each other. The clone libraries had a coverage of 94% and 87% for E2-10 and E2-40, respectively. It means that in a similar clone library of in¢nite size, the clones obtained in this study will represent 94% and 87%, respectively, of the restriction groups of the library.
The RFLP patterns given by the functional gene show a clear di¡erence between 310 and 340 cm (Fig. 3) . Sequences ampli¢ed from the deeper layer show a much higher number of RFLP patterns compared with the sequences from the upper layer. Moreover, the most common RFLP groups di¡er between the two depths. The Shannon diversity index (HP) had a lower value for the upper layer (1.25) than for the deeper layer (2.43). This con¢rms the results obtained by DGGE ¢ngerprint where the largest diversity was observed at 40 cm below the water table (Fig. 2) . At this depth, 18 di¡erent patterns are present with E, J and N being the most common group of sequences (50% of all clones). At 310 cm, only seven unique pro¢les are seen and F is the main group (60% of 
Phylogenetic analysis
After sequencing a representative of each RFLP group, a phylogenetic tree was constructed. The 21 sequences obtained from the Salmisuo fen, from 10 and 40 cm depth, group in six distinct clusters (Fig. 4) . Four clusters (I^IV) appear as a novel group of sequences with closest phylogenetic connection to members of the order Methanomicrobiales (Fig. 4) . These MCR sequences are clearly distinct from other published ones with maximum sequence similarity of amino acids ranging from W85% (sequence D) to W87% (sequence K) to Methanospirillum hungatei. This novel MCR cluster was named 'Fen cluster' (FC) and was divided into four sub-groups (FC-I to FC-IV) . Two other clusters (V and VI) are related to sequences from Rice cluster I (RC-I). This MCR group of sequences retrieved from Italian rice ¢eld soils is related to the Methanosarcinales and Methanomicrobiales [22] . With sequences related to two orders of Euryarchaeota, the phylogenetic diversity of the MCR gene observed at the Salmisuo fen is higher than the one earlier shown in an English bog [18] but lower than diversity found in Italian rice soil [22] .
Sequences representing the deeper layers of the fen (restriction groups E, J, N) all group in clusters related to RC-I, whereas the main sequences from the upper layer are all gathered within the new FC group. Sequences from three of the novel sub-clusters group according to the depth they were retrieved from. FC-I contains only sequences from the deeper layer, FC-II contains only sequences retrieved from the upper layers of the fen and FC-IV (which contains only one sequence) is from the upper part of the fen (Fig. 4) . This depth related, or dependent, variation of functional gene diversity has not been shown before in mires.
The major methanogen groups found, in our study, in the upper part of the peat (restriction groups F, G, T) form a branch with species belonging to Methanomicrobiales. Since the order Methanomicrobiales consists of hydrogenotrophic methanogens, the methanogens most commonly found in the upper layers of the fen may belong to a family forming methane by oxidising H 2 and reducing CO 2 . Hydrogenotrophic methanogens receive their substrate (H 2 ) directly from fermentative bacteria and interspecies transfers [48, 49] . This nutritional reaction is thermodynamically the more favourable, in terms of free energies (vGP 0 ), of those inducing methane synthesis [8] . It has been shown that H 2 dependent methanogenesis dominates in bogs and other studied environments [50] . Since the maximum potential CH 4 production is observed in the upper layer of the peat pro¢les and the organisms found at that depth are related to H 2 /CO 2 utilising methanogens, hydrogenotrophy could also be the main pathway for CH 4 production in the Salmisuo fen.
The dominant groups (E, J, N) found in the deeper layers are within the phylogenetic radiation of the order Methanosarcinales via the RC-I group (Fig. 4) . The level of sequence similarity (amino acids) for this lineage is W83% to members of Methanosarcinales and W81% to members of Methanomicrobiales. The relatively new Methanosarcinales order [51] regroups acetotrophic and/ or methylotrophic methanogens. The organisms most commonly found in the deeper part of the fen, in this study, may then belong to the group using acetate as methane precursor. The strati¢cation of methanogens with depth could be explained by the di¡erence in temperature found between the superior and deeper layers of the peat pro¢le (Table 1) 
